Raman pulse duration effect in gravity gradiometers composed of two atom
  interferometers by Shao, Cheng-Gang et al.
Submitted to PRL
Raman pulse duration effect in gravity gradiometers composed of two atom
interferometers
Cheng-Gang Shao, De-Kai Mao, Min-Kang Zhou,
Yu-Jie Tan, Le-Le Chen, Jun Luo, and ZhongKun-Hu∗
Key Laboratory of Fundamental Physical Quantities Measurement of Ministry of Education,
School of Physics, Huazhong University of Science and Technology,
Wuhan 430074, People’s Republic of China
Abstract
We investigated the Raman pulse duration effect in a gravity gradiometer with two atom interferometers.
Since the two atom clouds in the gradiometer experience different gravitational fields, it is hard to compen-
sate the Doppler shifts of the two clouds simultaneously by chirping the frequency of a common Raman
laser, which leads to an appreciable phase shift. When applied to an experiment measuring the Newtonian
gravitational constant G , the effect contributes to a systematic offset as large as -49ppm in Nature 510, 518
(2014). Thus an underestimated value of G measured by atom interferometers can be partly explained due
to this effect.
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Atom interferometry, with great sensitivity to accelerations, is widely used in precision mea-
surements [1–8]. Gravity gradiometers composed of two atom interferometers have been em-
ployed to measure the gravity gradient[4–6, 8, 9] and the Newtonian gravitational constant
[1, 3, 5, 9–11]. Three conjugated atom interferometers is also presented to directly measure the
gravity-field curvature [2]. In these high precision measurements, the Raman pulses interrogate
two or more separated atom clouds simultaneously in order to reject the common-mode vibration
noise. The frequency of the Raman pulses sweeps linearly with time to compensate the doppler
effect. But the compensation is not adequate for all the conjugated interferometers since they gen-
erally experience different gravitational fields. We find this inadequate compensation contributes
to a quite large systematic offset, and can not be ignored. We focus on the gravity gradiometer
with two atom interferometers in this paper.
The effect of the Raman pulse duration effect in an atom interferometer experiencing a homo-
geneous gravitational field has been studied in [13–17]. The phase shift of the interferometer can
be written as follows,
∆ϕ = −(α + −→k · −→g )T 2
(
1 − 2τ
T
+
4τ
piT
)
, (1)
Where α is the chirp rate of the light frequency with time,
−→
k is the effective wave vector of the
Raman laser,−→g is the gravitational acceleration, τ is the duration of a pi/2 pulse, and T is the
interval time between two Raman pulses. Formula (1) is equivalent to that in [7–11] considering
the different definition of T we used. In this paper, T lasts from the beginning of the first pulse to
the middle of the second pulse (see FIG. 1).
For the central fringe, we have α +
−→
k · −→g ≈ 0, then the local gravity −→g is determined by α and
−→
k . The Raman pulse duration τ only causes negligible offset in an atom gravimeter.
In a gravity gradiometer composed of two atom interferometers, the gravity field that the two
atom clouds experience is denoted as −→g up and −→g low in respective heights, where the superscripts
up and low indicate the upper and lower interferometers. Noting that the laser phase shared by the
two clouds is canceled, the differential phase shift of the two atom interferometers can be written
as
∆ϕup − ∆ϕlow = −−→k · (−→g up − −→g low)T 2
(
1 − 2τ
T
+
4τ
piT
)
. (2)
This formula shows that the differential phase shift is associated with the Raman pulse duration.
The relative offset of the differential phase shift caused by the Raman pulse duration effect is
evaluated at −0.73τ/T .
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FIG. 1: (color online). Diagram of the time sequence of a three-pulse Mach-Zehnder type interferometer.
In the experiment measuring the Newtonian gravitational constant G [1], the position of the
Source Mass is modulated between the far and close configurations to cancel the influence of the
background gravitational field. The differential phase shift is labeled as φC and φF corresponding
to the close and far configurations. Since the Newtonian gravitational constant G is proportional
to φC − φF in the experiment, G is extracted by comparing the simulated and measured differential
phase shifts. In the homogenous gravitational field approximation, the phase φC − φF should be
estimated as
φC − φF = − −→k · (−→a upC − −→a lowC )T 2
(
1 − 2τ
T
+
4τ
piT
)
+
−→
k · (−→a upF − −→a lowF )T 2
(
1 − 2τ
T
+
4τ
piT
) (3)
where −→a indicates the average gravitational acceleration each interferometer experiences respec-
tively (see FIG. 2). The authors of [1] use a perturbation treatment of Feynman path integration
[11, 22] in the experiment. Comparing with the phase shift −−→k ·(−→a upC −−→a lowC )T 2+
−→
k ·(−→a upF −−→a lowF )T 2
obtained from their treatment, a -54.5ppm systematic offset appeared when the relative parameters
τ (12µs ) and T ( 160ms) of the experiment are substituted in. So in this approximation, the G
value in [1] will be 54.5 ppm larger if they had considered this offset.
In the rest of this paper, a more sophisticated treatment is performed considering the actual
inhomogeneous gravitational field (FIG.2). We have already developed a method to derive the
phase shift of an interferometer in an inhomogeneous gravitational field [18]. The phase shift
of an interferometer is calculated based on this method to track the systematic error in the G
measuring experiment.
As shown in FIG. 1, the start point of time is set to be at t1 (namely t1 = 0 ) to simplify
the calculation. After multiplying the evolution operators along the interference sequence, the
expression of the phase shift is obtained. The total phase shift is divided into two parts,
∆φtotal = ∆φlaser + ∆φprop. (4)
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FIG. 2: (color online). The gravitational field along the vertical symmetry axis of the Far (left) and Close
(right) configuration (with data from [1, 11, 19–21]). The thick lines on the plots indicate the atom inter-
ferometers’ spatial regions. The vertical bar across a thick line represents the mean value over the atom
interferometer’s spatial region.
∆φlaser is the phase shift from the atom interaction with the laser,
∆φlaser =
(
φ1 +
δ1τ1
2
(
2 − 4
pi
))
− 2
(
φ2 +
δ2τ2
2
)
+
(
φ3 +
δ3τ3
2
4
pi
)
. (5)
With a linear variation of laser frequency with time, we get
φ1 − 2φ2 + φ3 = ωL(t3 − 2t2) − α2 (t
2
3 − 2t22) (6)
and
δ1 = δ0
δ2 = δ0 − (α + −→k · −→g )t2 − −→k ·
∫ t2
0
−→a (t)dt
δ3 = δ0 − (α + −→k · −→g )t3 − −→k ·
∫ t3
0
−→a (t)dt
. (7)
∆φproprepresents the phase shift from the free evolution,
∆φprop = ωeg(2t2 − t3) + −→k · −→v 0(2t2 − t3) + 12
−→
k · −→g
(
2t22 − t23
)
− −→k ·
[∫ t2
0
(t + t3 − 2t2)−→a (t)dt +
∫ t3
t2
(t3 − t)−→a (t)dt
] . (8)
Here φi and δi ( i = 1, 2, 3) denote the laser phase and the detuning of the laser frequency at the
time ti, τi is the ith Raman pulse duration time, −→v 0 is the average velocity of an atom after the
first pi/2 Raman pulse, ωL is the laser frequency at t1 , ωeg represents the transition frequency of a
two-level atom between ground and excited states.
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−→a (t) comes from −→a (−→z ), which describes the gravity along the vertical axis caused by the source
mass and the Earth’s gravitational gradient. When an atom moved to −→z position in its classical
path at time t , the acceleration it is experiencing is −→g +−→a (−→z (t)) . Noting that |−→a (−→z (t))|/|−→g | ≈ 10−7,
the classical path of atom is mainly determined by Earth’s gravity |−→g | = 9.8056m/s2 [23]. So −→z (t)
is expressed as
−→z (t) = −→z 0 + −→v 0t + 12
−→g t2. (9)
According to the interference sequence of the interferometer used in the experiment [20], the
time parameter is determined as follows,
τ1 = τ3 = τ, τ2 = 2τ
t2 = T − τ, t3 = 2T − τ
. (10)
From (4) to (10), ignoring all the terms higher than first order of τ , the total phase shift of one
atom interferometer is given as
∆ϕtotal = −(α + −→k · −→g )T 2
(
1 − 2τ
T
+
4τ
piT
)
− −→k ·
(∫ T
0
t−→a (t)dt +
∫ 2T
T
(2T − t)−→a (t)dt
)
− 2τ−→k ·
(
1
pi
∫ 2T
0
−→a (t)dt −
∫ T
0
−→a (t)dt
)
+ τ
−→
k ·
[∫ T
0
t(−→v0 + −→g t)d
−→a
d−→z dt +
∫ 2T
T
(2T − t)(−→v0 + −→g t)d
−→a
d−→z dt
]
. (11)
In this formula, the total phase shift is the sum of four terms. Since we choose the same −→g for
the two atom clouds, the first term of ∆φtotal is cancelled in φC and φF . The second term of ∆φtotal
equals to the perturbation treatment of a Feynman path integration[22], which is shown as
φpert = −1}
∫ 2T
0
(VACB − VADB)dt
= −1
}
∫ 2T
0
dV
d−→z ∆
−→z dt
= −1
}
∫ T
0
m−→a (t)}
−→
k
m
tdt − 1
}
∫ 2T
T
m−→a (t)}
−→
k
m
(2T − t)dt
= −−→k ·
(∫ T
0
t−→a (t)dt +
∫ 2T
T
(2T − t)−→a (t)dt
)
, (12)
Where V is the perturbation of atom’s Lagrangian. The distance ∆z between the two arms of the
interferometer is shown in FIG.3. The third and the fourth terms of formula (11) are new terms
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FIG. 3: (color online). Space-time diagram of an atom interferometer. ∆z is the spacial distance between
the two arms and it varies linearly with time.
with relation to the first order of pulse duration time τ . Then the phase φC − φF is expressed as
φC − φF = (∆φuptotal,C − ∆φlowtotal,C) − (C ←→ F). (13)
Utilizing the gravitational field data shown in FIG.2, we compare φC−φF with the same quantity
generated only from a simple perturbation treatment of Feynman path integration (the second term
in formula(11)), about a -49 ppm systematic offset is obtained. This offset is fairly big compared
with the total systematic uncertainty 92 ppm in the G measurement experiment. And it leads to a
change of the G value from 6.67191(99) × 10−11m3kg−1s−2 to 6.67224(99) × 10−11m3kg−1s−2 .
A similar result can also be obtained with the sensitivity function of an atomic gravimeter
[24, 25]. According to the definition of the sensitivity function, the interferometric phase shift
δφsens for a Raman phase noise caused by −→v (t) is evaluated as
δφsens =
−→
k ·
∫ 2T
0
gs(t)−→v (t)dt, (14)
where −→v (t) is the mean velocity of an atom wave package. In the presence of gravity, an atom is
accelerated to move. Once having a displacement, it has an instantaneous phase difference, which
is equivalent to a phase jump performed by the Raman laser. The velocity of atoms at time t is
−→v (t) = −→v 0 + −→g t +
∫ t
0
−→a (t′)dt′. (15)
gs(t) is the sensitivity function. With our definition of time in the interference sequence, it is
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written as
gs(t) =

sin(Ωrt) 0 ≤ t < τ
1 τ ≤ t < T − τ
−sin[Ωr(t − T )] T − τ ≤ t < T + τ
−1 T + τ ≤ t < 2T − τ
−sin[Ωr(2T − t)] 2T − τ ≤ t < 2T
. (16)
With (15) and (16), the total phase shift derived from the sensitivity function of an atom interfer-
ometer becomes
∆ϕsens = −(α + −→k · −→g )T 2
(
1 − 2τ
T
+
4τ
piT
)
− −→k ·
(∫ T
0
t−→a (t)dt +
∫ 2T
T
(2T − t)−→a (t)dt
)
− 2τ−→k ·
(
1
pi
∫ 2T
0
−→a (t)dt − 1
2
∫ 2T
0
−→a (t)dt
) . (17)
Here, we have just kept to the first order term of τ , and a linear frequency ramp α has been added
to the Raman laser to preserve the resonance condition.
We find that the difference between ∆φtotal and ∆φsens vanishes identically by a calculation using
an integration by parts.
∆ϕtotal − ∆ϕsens =
τ
−→
k ·
[∫ T
0
t(−→v0 + −→g t)d
−→a
d−→z dt +
∫ 2T
T
(2T − t)(−→v0 + −→g t)d
−→a
d−→z dt
]
+ τ
−→
k ·
(∫ T
0
−→a (t)dt −
∫ 2T
T
−→a (t)dt
)
≡ 0
. (18)
Namely, the method arising from the sensitivity function is equivalent to the method using the time
evolution operators considering only to the first order terms of τ. But to the best of our knowledge,
the strictness of the phase shift calculation utilizing a sensitivity function has not been proved
previously.
In conclusion, we report a systematic effect in a gravity gradiometer composed of two atom
interferometers which has not been included by previous works. We derived the phase shift of
an atom interferometer under an arbitrary gravity field distribution considering the Raman pulse
duration effect. Evaluating the Raman pulse effect in the experiment measuring the gravitational
constant G, we find a -49 ppm systematic offset with the typical experiment parameters.
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